Escherichia coli aldB was identified as a gene that is negatively regulated by Fis but positively regulated by RpoS. The complete DNA sequence determined in this study indicates that aldB encodes a 56.3-kDa protein which shares a high degree of homology with an acetaldehyde dehydrogenase encoded by acoD of Alcaligenes eutrophus and an aldehyde dehydrogenase encoded by aldA of Vibrio cholerae and significant homology with a group of other aldehyde dehydrogenases from prokaryotes and eukaryotes. Expression of aldB is maximally induced during the transition from exponential phase to stationary phase. Its message levels are elevated threeto fourfold by a fis mutation and abolished by an rpoS mutation. In addition, the expression of an aldB-lacZ fusion was decreased about 20-fold in the absence of crp. DNase I footprinting analysis showed that five Fis binding sites and one Crp binding site are located within the aldB promoter region, suggesting that Fis and Crp are acting directly to control aldB transcription. AldB expression is induced by ethanol, but in contrast to that of most of the RpoS-dependent genes, the expression of aldB is not altered by an increase in medium osmolarity.
Various types of aldehyde dehydrogenases in bacteria have been described. The shared characteristic of these enzymes is the oxidization of aldehydes to their corresponding acid forms. Substrates that can be oxidized vary with the individual enzymes. Some aldehyde dehydrogenases, such as the malonic semialdehyde dehydrogenase of Pseudomonas aeruginosa (34) , have high specificity, while others function on a broad spectrum of substrates. Two examples of this latter group are the aldehyde dehydrogenase encoded by the ald gene of Escherichia coli (20) and the acetaldehyde dehydrogenase II encoded by the acoD gene of Alcaligenes eutrophus (42) . Enzymes within this group may play roles in multiple pathways in cellular metabolism (4) . Many of the identified aldehyde dehydrogenases, including those from bacteria, fungi, plants, and mammalian cells, share significant similarities in their primary structures (15, 20, 42, 54) .
aldB was identified in a screen for genes whose expression was increased in the absence of Fis among a random collection of LacZ protein or operon fusions (56) . Fis is a member of the general family of nucleoid-associated proteins that includes HU, IHF, H-NS, LRP, and Dps (2, 35, 46) . Fis binds DNA with moderate affinity and specificity and bends DNA to different extents depending on the nature of the DNA sequence to which it binds (10, 14, 50) . Cellular levels of Fis vary enormously as a function of growth conditions (5, 39, 40, 51) . In particular, cells growing under nutrient-rich batch culture conditions express very high levels in early exponential phase, but Fis levels drop precipitously in late exponential and stationary phases. In addition to its role in site-specific recombination reactions described initially (23, 24) , Fis has now been shown to function as a regulator of gene expression (5, 37, 38, 40, 43, 56) . In the screen of lac fusions, a diverse group of genes whose expression was inhibited by Fis was identified (56) . Expression of some of these genes was also regulated positively or negatively by RpoS (KatF), a sigma factor (32, 36, 49) required for the activation of many stationary-phase genes (for reviews, see references 17 and 26) . For example, xylF and sdhA are genes whose expression is negatively regulated by both Fis and RpoS, while aldB is representative of a group of genes whose expression is negatively regulated by Fis but positively regulated by RpoS. The highest level of expression among members of this latter group occurs during early stationary phase. On the basis of the high degree of identity between the partial amino acid sequence of AldB deduced from the DNA sequence at the junction of the lac fusion and that of an NAD-dependent acetaldehyde dehydrogenase encoded by the acoD gene of A. eutrophus (42) , we proposed that aldB encodes an aldehyde dehydrogenase in E. coli (56) . The potential functions of other Fis-repressed and RpoS-activated genes that were identified are not yet known. Thus, we chose to further investigate the regulation of aldB expression in order to understand the mechanism by which Fis contributes to stationary-phase gene regulation.
MATERIALS AND METHODS
Media and general methods. Luria-Bertani broth (LB) and LB agar plates (31) were used throughout the study unless otherwise specified. M9Y is M9 salts (31) supplemented with 0.1% yeast extract (Difco). Antibiotics were used at the following concentrations in plates and in liquid: ampicillin, 100 g/ml; kanamycin, 20 g/ml; and tetracycline, 10 g/ml. Standard procedures for DNA manipulation were performed as described previously (45) . Plasmid DNA used for DNA sequencing was isolated by using a Qiagen plasmid isolation kit. P1 vir transduction was performed according to the protocol described by Miller (31) . DNA hybridization with the E. coli Gene Mapping Membrane (Takara Biochemical Inc.) was performed under the conditions recommended by the manufacturer.
Bacterial strains, plasmids, and phages. Bacterial strains are listed in Table 1 . RJ4147 and RJ4148 were constructed by infecting RJ4011 with a P1 lysate grown on CAG7313 (⌬crp zhe::Tn10) and selecting for tetracycline resistance. RJ4148 (⌬crp) was unable to ferment maltose, while RJ4147 (crp ϩ ) was able to ferment maltose as measured on MacConkey-maltose plates. Transduction of katF13:: Tn10 (rpoS) from UM122 into CAG4000 to produce RJ4111 was confirmed by the reduction of bubbling in the presence of H 2 O 2 as described previously (33) .
Plasmid pRJ823 (Tc r ) is a derivative of pACYC184 containing the lacI q gene. pRJ4000 (Ap r ) contains fis under lacP control on a pBR322-derived plasmid (56) .
pRJ4001 (Km r Sp r ) is the original mini-Mu clone of the aldB-731-lacZ fusion which was described previously (56) . A BamHI fragment of approximately 6 kb from pRJ4001 was cloned into the BamHI site of pUC18 to produce pRJ4011 (Ap r ). This fragment contained the aldB-731-lacZ fusion junction sequence and about 4 kb of upstream DNA. Most of this upstream sequence was then deleted by digestion of pRJ4011 with SmaI and EcoRV followed by ligation. The resulting deletion derivative, pRJ4012, contained the DNA sequence from nucleotides 1 to 1218 as shown in Fig. 1 . pRJ4024 (Ap r ) was constructed by inserting a DNA fragment containing the aldB promoter region into pUC18. The fragment was obtained by PCR amplification using the primers JX5 (5Ј-TGCTGAAGGGGGATTATTGGTCAT-3Ј, from nucleotides 335 to 312 in Fig. 1 ) and JX6 (5Ј-GGGAATTCACGAAGAA ATTGTGGCGAT-3Ј, from nucleotides 102 to 128 with two base changes to construct an EcoRI site at one end of the PCR product) with pRJ4012 as the template. After digestion with EcoRI and Sau3AI, the PCR product was cloned into the EcoRI and BamHI sites of pUC18. The region cloned had a length of 207 bp from nucleotides 105 to 311, which corresponds to positions Ϫ183 to ϩ24 with respect to the position of transcription initiation. pRJ4016 (Ap r ) was constructed by inserting a HindIII-BglII fragment of approximately 9 kb from pRJ4001 into the HindIII and BamHI sites of pBR322. This fragment contained the complete aldB-731-lacZ fusion sequence and about 4 kb of its upstream sequence. pRK4025 (Ap r ) was obtained by replacing an EcoRI-BamHI fragment of pRJ4016 carrying the aldB-731-lacZ fusion junction and all of its upstream sequence with a 1.4-kb EcoRI-BamHI fragment from pRJ4012. pRJ4025 contained the same aldB-731-lacZ fusion sequence as pRJ4016 but with the upstream DNA of aldB extending only up to the EcoRV site, the start of the sequence presented in Fig. 1 . The 1.4-kb EcoRI-BamHI fragment from pRJ4025 was cloned into the EcoRI and BamHI sites of pRS414, a pBR322-derived plasmid designed for constructing LacZ protein fusions (47) , resulting in plasmid pRJ4026 (Ap r ). pRJ4029 (Ap r ) was constructed by cloning a 1.2-kb EcoRI-BamHI fragment from a PCR product into the EcoRI and BamHI sites of pRS414. The PCR product was amplified from pRJ4012 with a lac universal primer (Ϫ40) and primer JX12 (5Ј-CGGAATTCAACTATCTCTGTAACCCTTGC-3Ј, from nucleotides 188 to 211 with 5 bases added to the 5Ј end of the primer to construct an EcoRI site at one end of the PCR product).
aldB-lacZ fusions constructed in pRS414 were transferred to the chromosome as a single copy as described previously (47) . The fusions contained on pRJ4026 and pRJ4029 were first recombined onto RS45, and resulting phage lysates (RJ4026 and RJ4029) were used to infect CAG4000. Lysogens expressing the lowest LacZ activities among at least eight independent lysogens were considered single lysogens and used for further studies.
DNA sequencing and analysis. A series of subclones from pRJ4001 into the polylinker of pUC18 and subsequent deletion derivatives were constructed to facilitate DNA sequencing. A lac universal primer (Ϫ40), a lac reverse primer (Promega), and a phoA-specific primer (5Ј-AATATCGCCCTGAGCA-3Ј) (55) were used to sequence the aldB gene from both strands with double-stranded plasmid templates. DNA sequences were determined by the dideoxy method, using the DNA Sequenase kit from Amersham. DNA and protein sequences were analyzed with the programs from the Genetics Computer Group Inc. (Madison, Wis.) and searched for similarity to the existing sequences in the databases by using Blastmail (3).
Primer extension. Total RNA was prepared from cells growing in LB broth as described previously (7) . The primer used to initiate cDNA synthesis was the JX5 24-mer described above, which is complementary to the top strand of the aldB DNA sequence (from nucleotides 335 to 312 in Fig. 1 ). The primer was labeled with [␥-
32
P]ATP (6,000 Ci/mmol; Amersham) by using T4 polynucleotide kinase (Pharmacia) (45) . The end-labeled oligonucleotide was hybridized with 10 g of total RNA and elongated with 3 U of avian myeloblastosis virus reverse transcriptase (Promega) as described previously (7). Sizes of the primer extension products were determined by alignment with DNA sequence ladders generated from a double-stranded aldB plasmid DNA template by using the same endlabeled primer. The relative levels of the aldB message were determined by measuring the relative intensities of the primer extension products from a representative autoradiograph with a densitometer (LKB-Pharmacia).
Gel retardation assay. Unless otherwise stated, a 219-bp EcoRI-SalI DNA fragment, which carried the 207-bp DNA sequence of aldB from positions Ϫ183 to ϩ24, from pRJ4024 was used for both gel retardation and DNase I footprinting as described below. The fragment was uniquely end labeled either in the coding strand by filling in of the SalI end or in the noncoding strand by filling in of the EcoRI site using the Klenow fragment of DNA polymerase I and [␣-32 P]dATP followed by purification by polyacrylamide gel electrophoresis. For Fis-DNA binding reactions, the labeled DNA fragments were incubated with various amounts of Fis protein (purified by S. Finkel) in a 20-l solution consisting of 20 mM Tris-HCl (pH 7.5), 80 mM NaCl, 1 mM EDTA, and 2 g of sonicated salmon sperm DNA (6) . For Crp-DNA binding reactions, the labeled DNA fragment was incubated with purified Crp protein (a gift from J. Krakow, Hunter College) in a 20-l mixture containing 10 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 50 g of bovine serum albumin per ml, 100 M cyclic AMP (cAMP), and 20 ng of sonicated salmon sperm DNA essentially as described previously (13) . The binding reactions for both Fis and Crp were performed at room temperature for 10 min. Five microliters of gel loading buffer (20 mM Tris-HCl [pH 7.5], 10 mM EDTA, 80 mM NaCl, 100 g of sonicated salmon sperm DNA per ml, 7.5% Ficoll, 0.1% bromophenol blue) FIG. 1. Nucleotide sequence of the aldB gene. The putative promoter sequence (Ϫ10), the transcription start site (ϩ1) as determined by primer extension, and the Shine-Dalgarno sequences (SD) are marked. The aldB-731-lacZ fusion site identified previously (56) is indicated by the vertical arrowhead. Two inverted repeat sequences are marked as IR1 and IR2, and a repeated extragenic palindromic element sequence (REP) is underlined. A partial reading frame upstream of aldB is labeled f382 as described previously (48) . This sequence is deposited in GenBank under accession number L40742. was added to the binding mixtures. The sample was applied to an 8% polyacrylamide gel (60:1 acrylamide/bis ratio) and electrophoresed in standard Trisborate-EDTA buffer. For Crp gel retardation assays, both the gel and the running buffer were supplemented with 50 M cAMP. DNase I footprinting. DNase I footprinting experiments were performed according to a protocol described previously (6) . DNA fragments, proteins, and DNA binding reactions were the same as those for the gel retardation assays described above except that the reaction volumes were scaled up to 45 l and competitor DNA was omitted from the reactions. After incubation, the mixture was treated with DNase I (0.25 g/ml) for 30 s at room temperature, the reaction was stopped by the addition of 6 l of DNase I quenching mix (3.3% sodium dodecyl sulfate, 66 mM 1,2-cyclohexanediamine-tetraacetic acid, 660 mM TrisHCl [pH 9.5]), and products were extracted with phenol-chloroform and prepared for electrophoresis as described previously (6) . DNA sequencing reactions specific for GϩA nucleotides were performed as described previously (30) .
␤-Galactosidase activity assays. Fourteen-hour overnight cultures were diluted 1:100 into 5 ml of LB or other media as specified below with appropriate antibiotics and grown at 37ЊC with shaking. ␤-Galactosidase activities were assayed at least in duplicate and expressed as Miller units (31) . The data presented for single time point experiments represent the means and standard deviations for at least three individual cultures.
Nucleotide sequence accession number. The DNA sequence of aldB has been deposited in the GenBank database (accession number L40742).
RESULTS
Physical mapping of aldB. In our previous study, aldB was genetically mapped by Hfr crosses and P1 transduction to the region from min 80 to 83 on the E. coli genetic map (56) . Since the level of transduction linkage of the aldB-731 fusion to markers within this region was very low, we utilized the E. coli mapping membrane containing the Kohara ordered phage set (25) to determine its precise position. A 32 P-labeled aldB fragment (from bp 1400 to 1902 [ Fig. 1 ]) strongly hybridized with phage clones 577 and 578 and weakly hybridized with phage clone 579 (data not shown). These three clones cover the E. coli chromosome from approximately kb 3776 to 3791.5, kb 3765 to 3782.5, and kb 3759 to 3776, respectively, on the E. coli physical map. These results position the aldB gene at approximately the region 3776 kb on the E. coli physical map, which corresponds to min 80.8 to 80.9 on the E. coli genetic map (44) .
Nucleotide sequence of the aldB gene. The complete DNA sequence for the aldB gene was obtained and is shown in Fig.  1 beginning at an EcoRV site. The 1,933-bp sequenced region contains one large (512-amino-acid) reading frame which extends from a potential ATG initiation codon at nucleotide 312 to a TAG stop codon at nucleotide 1848. This reading frame coincides with the aldB reading frame determined by sequencing the aldB-731-lacZ protein fusion junction (56), whose location is denoted in the figure. Analysis of the DNA sequence upstream of the aldB gene shows a partial reading frame which is in the same orientation as aldB. The deduced amino acid sequence (48 amino acids) of this partial reading frame displays high levels of similarity to the carboxy termini of a group of alcohol dehydrogenases, such as those encoded by the Saccharomyces cerevisiae ADH4 gene (X05992) and adhB of Zymomonas mobilis (X17065 and M15394) in the Genepept database. These results suggest that the gene upstream of aldB encodes an alcohol dehydrogenase. After we completed the DNA sequencing, the sequence of the region corresponding to aldB and the potential alcohol dehydrogenase was deposited in the GenBank database as part of the sequenced E. coli chromosomal region from 76 to 81.5 min, and the two reading frames were named f542 and f382, respectively (48) . Two differences outside the aldB coding region between our sequence and the sequence of Sofia et al. (48) are present. These include a CGC from nucleotide 133 to nucleotide 135 in our sequence, absent in the sequence of Sofia et al. (48) , and a T at nucleotide 143 in our sequence versus a G in the reported sequence. These differences result in the addition of an Arg residue and a Met-to-Arg substitution in the proposed alcohol dehydrogenase of our sequence (Fig. 1) .
Key features of the aldB sequence, such as the presumptive promoter sequence (Ϫ10 only), the Shine-Dalgarno sequence, and the transcription initiation site determined by primer extension (see below), are denoted in Fig. 1 . A 23-bp inverted repeat sequence (IR2) is centered at position Ϫ29 with respect to the position of the transcription start site. A likely Rhoindependent transcription terminator designated IR1 is present beginning at nucleotide 163, which is 15 bp downstream of the f382 termination codon. A sequence with characteristics of a Rho-independent transcription terminator within 54 bp downstream of the aldB stop codon is not present, although a repeated extragenic palindromic sequence is located 32 bp downstream of the stop codon (from bp 1882 to 1917) as previously reported (48) .
Features of the deduced sequence of the AldB protein. Translation of the aldB DNA sequence yields a protein of 512 amino acid residues with a calculated molecular mass of 56,306 Da. The deduced amino acid sequence of AldB shows a high degree of homology with AcoD, an NAD-dependent acetaldehyde dehydrogenase from A. eutrophus (70% identity), and AldA, an aldehyde dehydrogenase from Vibrio cholerae (68% identity) (Fig. 2) , suggesting that AldB is an aldehyde dehydrogenase in E. coli. Important regions that are highly conserved among many aldehyde dehydrogenases from prokaryotes and eukaryotes can also be found in the corresponding regions of AldB (Fig. 2) . These include a coenzyme binding site (9) and residues that have been reported to be important for enzymatic activity, such as Glu-268 (1), Cys-302 (52), and Glu-487 (16, 58) , present in the human liver aldehyde dehydrogenase. The equivalent residues in AldB may be GA GGVIG from positions 224 to 230, Glu-268, Cys-307, and Gln-496, respectively. Glu-487 of the human aldehyde dehydrogenase is substituted in all the AldB homologs; a Gln is present in both AldB and AcoD, and an Asn is present in AldA. A substitution of Glu-487 with a Lys residue in humans has been reported to result in low enzyme activity and is associated with low ethanol tolerance of the carriers (58) . Location of the aldB promoter. To locate the primary aldB promoter, the levels of expression of aldB among various aldB-731-lacZ fusion constructs were compared. As shown in Fig. 3 , the resulting ␤-galactosidase activities generated from plasmids pRJ4016 and pRJ4025 indicate that deletion of the upstream DNA sequence of aldB to the EcoRV site has no significant effect on the expression of aldB. Switching the cloned DNA fragment from pRJ4025 to pRS414 resulted in similar levels of LacZ expression (pRJ4026) (Fig. 3) . In this latter case, the cloned DNA sequence was preceded by transcriptional terminators. Moreover, a further deletion of DNA sequence to nucleotide 187 (Fig. 1) has only a minor effect on the expression of aldB (pRJ4029 [ Fig. 3 ] and RJ4029 [see Fig.  5C ]). The results presented above suggest that aldB is primarily transcribed from a promoter located within a 125-bp region from nucleotide 188 to the aldB initiation codon starting at nucleotide 312 (Fig. 1) , or from positions Ϫ100 to ϩ25 (see Fig. 11 ) with respect to the transcription initiation site as described below.
To locate the aldB mRNA start site, primer extension experiments were performed as described in Materials and Methods. A major transcription start site is located at an adenosine (position 288) which is 13 nucleotides upstream of the proposed aldB Shine-Dalgarno sequence ( Fig. 1 and 4) . Although a minor primer extension product at nucleotide 248 could also be detected from the cells carrying a multicopy aldB plasmid, it was not detected in wild-type cells under the same growth conditions (Fig. 4) .
The results presented in Fig. 4 also indicate that the amount of the primer extension products in fis mutant cells is significantly higher than that in fis ϩ cells. In addition, the presence of an rpoS mutation abolished the expression of aldB. This result is consistent with our previous conclusion that aldB is RpoS dependent, as judged by LacZ activity assays (56) (see Table  2 ). Thus, the opposing effects of Fis and RpoS on aldB expression are exerted at the RNA level.
A search for promoter sequences immediately upstream of the major RNA initiation site revealed a hexanucleotide (TACCCT), as indicated in Fig. 1 , with similarity to the proposed consensus for the Ϫ10 region of the 70 -dependent promoters (TATAAT). No reasonable similarity to a 70 -35 region could be identified. This feature has been noted in other 38 (RpoS)-dependent promoters, such as fic (49) . Expression of the aldB gene and the role of Fis. The aldB-731-lacZ protein fusion was originally identified because its expression was inhibited in the presence of Fis (56) . The negative effect of Fis on its expression was further characterized in time course experiments in this study. As shown in Fig. 5 , the expression of aldB is growth phase dependent, but this pattern is not significantly affected by Fis. In both fis mutant and fis ϩ cells, aldB was induced beginning in late exponential phase and levels peaked during the transition from exponential to stationary phase. LacZ activity of aldB-731 was at its lowest 2 h after subculturing and reached its maximum at 6 h after subculturing. The overall expression level of aldB, however, was significantly reduced by the presence of Fis. The LacZ activity of aldB-731 in a fis background was about twofold higher than that in a fis ϩ background (Fig. 5A ). When Fis was expressed constitutively from pRJ4000 (lacP-fis), a fourfold reduction of aldB expression from levels produced in a wild-type fis ϩ background was observed (Fig. 5 [compare panels A and B] ). In Fig. 5C , the contribution of DNA upstream of the promoter to aldB expression is shown. RJ4026 and RJ4029 contain the aldB-731 fusion but with aldB DNA beginning at nucleotides 1 and 188, respectively, as shown in Fig. 1 . The overall expression patterns of fis ϩ lysogens containing these two fusions are almost identical to each other and to that of the strain containing the original chromosomal aldB-731 fusion. Therefore, the essential information for growth phase regulation appears to be contained within 100 bp upstream of the transcription start site. The studies described above were all performed with a LacZ protein fusion. To determine whether the growth phase regulation and inhibition by Fis are exerted at the RNA level, aldB mRNA levels in both CAG4000 and its isogenic fis derivative RJ1801 were measured during the course of growth from early log phase to stationary phase by primer extension analysis. aldB mRNA was undetectable during the first 2 h of growth and then increased sharply (Fig. 6) . Three-to fourfold-higher levels were obtained with fis mutant cells than with fis ϩ cells throughout the aldB expression period. These results demonstrate that both the temporal expression pattern and the inhibitory effect of Fis on aldB expression are exerted at the RNA level and most likely reflect differences in transcription initiation.
Binding of Fis to the promoter region of aldB. Potential interactions between Fis protein and the promoter region of aldB were investigated in vitro. Initially, a 464-bp fragment, which contains the aldB promoter region from positions Ϫ287 to ϩ177, was used as a probe in gel retardation assays with purified Fis. Five different complexes could be detected with this probe (data not shown). The locations of these Fis binding sites were then narrowed down to a region from positions Ϫ183 to ϩ24 by using the PCR-generated fragment cloned in pRJ4024 as described in Materials and Methods. Two of the three complexes shown in Fig. 7 were formed with concentrations of Fis indicating an apparent K d of 3 ϫ 10 Ϫ9 to 1 ϫ 10 Ϫ8 M in the presence of 100 g of competitor DNA per ml, which is similar to those for other high-affinity Fis binding sites. Two ) and RJ1801 (fis) were grown in LB medium at 37ЊC with shaking. Cell samples were taken at 1-h intervals, and total RNA was isolated. RNA samples (10 g per reaction) were analyzed by primer extension as described in the legend to Fig. 4 . Relative aldB mRNA levels were measured by densitometry of band intensities from a representative autoradiograph. A value of 100% was assigned to the intensity of the aldB mRNA signal produced from the primer extension products of RNA isolated from CAG4000 grown for 3 h. Cell density values (optical density at 600 nm) at the times of RNA isolation were similar to those at the corresponding times shown in Fig. 5A.   FIG. 7 . Electrophoretic mobility shift of aldB promoter DNA by Fis. The EcoRI-SalI DNA fragment containing the aldB promoter region (from positions Ϫ183 to ϩ24) was 32 P end labeled at the SalI end with Klenow fragment (coding strand). The fragment was incubated with various amounts of Fis protein, and the reaction mixture was separated by electrophoresis in an 8% polyacrylamide gel. Free (F) and Fis-bound (B) DNA bands after autoradiography are indicated. Lanes 1 through 6, 0, 0.5, 1, 2, 4, and 8 ng of Fis, respectively. additional complexes that are not shown in Fig. 7 could be detected after longer exposures of the autoradiograph. The precise locations of the Fis binding sites were further defined by DNase I footprinting. As shown in Fig. 8 (for a summary, see Fig. 11 ), five Fis sites of variable affinities are located within the 207-bp fragment. Sites I and V displayed the highest affinities, while protection at site II was observed only at the highest Fis concentration. Site I, the strongest Fis binding site among the five, is located at positions Ϫ19 to Ϫ38 with its core sequence centered at position Ϫ29. Thus, this site is positioned at the dyad symmetry element (IR2) within the promoter and would be expected to overlap with the RNA polymerase binding site. We note that the core Fis binding sequence of site I deviates significantly from the modified consensus sequence derived from about 40 different Fis binding sites (10) and that it deviates at two positions from the more degenerate original consensus of Hübner and Arber (21) .
Crp activates aldB expression, and Crp-cAMP complex binds to the promoter region of aldB. Because some RpoSdependent genes have been reported to be regulated by cAMP negatively or positively (17, 18, 28, 53) , we investigated the effect of Crp on the expression of aldB. Results presented in Table 2 show that a crp mutation resulted in an almost 20-fold decrease of LacZ activity of aldB-731, suggesting that the expression of aldB is positively regulated by Crp.
The interaction between Crp and the promoter region of aldB was then analyzed by gel retardation and DNase I footprinting assays. The 207-bp DNA fragment labeled in the coding strand used for the Fis gel retardation and footprinting assays was also used for these experiments. As shown in Fig. 9 , Crp binds to the promoter region of aldB, although its binding affinity was found to be three to four times weaker than its affinity for the Crp site in the lac promoter when the two were compared in parallel (data not shown). DNase I footprinting indicated cAMP-dependent Crp protection between positions Ϫ47 and Ϫ80 in the aldB promoter region (Fig. 10) , which would position the center of the binding site (or the putative Crp core recognition sequence) at position Ϫ59.5 with respect to the start of transcription (Fig. 11) . The similarity of the binding site to the Crp consensus sequence (8) is poor in the right half, as shown in Fig. 11 .
Induction of aldB by ethanol. Since acoD, an aldB homolog in A. eutrophus, is induced in the presence of ethanol (42), we examined the effect of ethanol on aldB expression. RJ4059 containing the aldB-731-lacZ fusion was grown in M9 salts plus 0.1% yeast extract and various amounts of ethanol. Results shown in Fig. 12 indicate that addition of ethanol up to 2.1% significantly stimulates expression of aldB. Addition of 0.3% sodium acetate, glycerol, or glucose to M9-yeast extract media resulted in decreased expression of aldB-731, although each of these supplements stimulated cell growth (data not shown). The response of aldB to ethanol is not mediated by sequences upstream of position Ϫ100, including the sequence coding for the putative alcohol dehydrogenase, since RS4026 and RS4029 lysogens responded in a manner similar to that of cells with the aldB-731 fusion at its native location. Under the growth conditions described above, addition of 2.1% ethanol resulted in about a 2.3-fold increase in LacZ activity for both RS4026 and RS4029 lysogens (data not shown). An increase in medium osmolarity does not affect expression of aldB. Most RpoS-dependent genes are also positively regulated by medium osmolarity (17, 19) . Thus, we examined the effects of medium osmolarity on the expression of aldB-731 as described previously (19) . Cells with the lacZ fusion were grown in M9 supplemented with 0.4% glycerol to an optical density at 600 nm of ϳ0.3, and an additional 0.3 M NaCl was added to part of the culture. ␤-Galactosidase activity after 3 more h of growth was 80 Ϯ 3 U under increased medium osmolarity conditions compared with 78 Ϯ 8 U without NaCl addition. Therefore, in contrast to that of most of the RpoSdependent genes, the expression of aldB is not affected by increased medium osmolarity. Under the same conditions, a proP-lacZ fusion was induced about sixfold (data not shown).
DISCUSSION
In this paper, we report the complete sequence and aspects of the mechanisms responsible for growth phase control of an aldehyde dehydrogenase gene in E. coli. The sequence of aldB contains a 512-amino-acid reading frame that forms an inframe fusion with the aldB-731-lacZ fusion at amino acid 303. The sequence of this region of the chromosome has also recently been reported by Sofia et al. as part of the E. coli genome sequencing project (48) . Solely on the basis of sequence considerations, these authors proposed that the f542 reading frame, which corresponds to aldB, begins 90 bp upstream of our initiation codon and that the immediate upstream reading frame, f382, may be cotranscribed with f542 as part of the same operon. The f382 translated sequence displays marked similarity to alcohol dehydrogenases (this paper and reference 48). Analyses of deletions (Fig. 3) , primer extensions (Fig. 4) , and mRNA size with Northern (RNA) blots (57) strongly support our assignment of the beginning of the tran- scription initiation site for aldB and the conclusion that most, if not all, aldB transcription begins 24 bases upstream of its AUG initiating codon. In addition, a sequence motif with strong similarity to a Rho-independent transcriptional terminator begins 16 bp downstream of the ochre stop codon for the f382 alcohol dehydrogenase (Fig. 1) . The size of the aldB message (approximately 1.6 kb), as determined on Northern blots, suggests that the mRNA is terminated shortly after the end of the coding sequence, although no Rho-independent transcriptional termination signal is apparent from the sequence. A repeated extragenic palindromic sequence-like element beginning 32 bases downstream of the aldB UGA stop codon may influence the position or stability of the 3Ј end.
The complete amino acid sequence of AldB displays up to 70% identity with the sequences of two known aldehyde dehydrogenases (Fig. 2 ) and significant similarity to those of a group of other aldehyde dehydrogenases from prokaryotes and eukaryotes. For example, four other aldehyde dehydrogenases in E. coli, encoded by ald (M64541), aldH (M38433), betB (M77739), and sad (M88334), display 34 to 40% amino acid identity with AldB. The E. coli AldB, the A. eutrophus AcoD, and the V. cholerae AldA represent a very closely related group which may share similar substrate spectra. Like AcoD (22) , AldB may also use acetaldehyde as its major substrate, although direct demonstration of the enzymatic activity of AldB remains to be performed. Acetaldehyde dehydrogenase assays performed with crude cell extracts by a method described previously (22) failed to detect significant differences between an aldB mutant and its isogenic wild-type strain (57) , perhaps because of compensation by other cellular aldehyde dehydrogenases.
Among the general aldehyde dehydrogenases, a few regions, including a decapeptide (54), a dodecapeptide, and a heptapeptide (20) , have been reported to be highly conserved. These regions are also found in AldB; they are located between amino acid residues 265 and 274, 162 and 173, and 407 and 413, respectively. In addition, we have noticed that a motif with a putative consensus sequence G-Aro-K-X-S-G-X-G is located near the carboxy termini of all 22 aldehyde dehydrogenases from bacteria, fungi, plants, and mammalian cells that we have examined, with the exception of the P5C dehydrogenase from S. cerevisiae (27) . In the latter case, the only difference from the putative consensus sequence is that the second X residue has been replaced by a dipeptide. Residues which are underlined in the consensus sequence are conserved in all the 22 enzymes. While the X's at positions 4 and 7 can be any amino acid, positions 2 and 3 display significant preferences for aromatic residues (Aro) (15 of 22) and positively charged residues (predominantly Lys; 18 of 22), respectively. The function of this motif remains to be determined.
Regulation of aldB expression. Measurements of AldB-LacZ protein fusion activities (Fig. 5) and aldB mRNA levels (Fig. 6 ) by primer extension clearly indicate that aldB expression varies dramatically with respect to the growth phase. Cells grown in LB synthesize very low to undetectable levels of AldB protein and RNA in early to mid-exponential phase, but expression is induced sharply as cells enter late exponential to early stationary phase. The differences for protein and RNA levels between these times are ϳ20-and Ͼ100-fold, respectively. aldB expression is dependent on the stationary-phase 38 ; stationary-phase LacZ activities of the aldB-731 fusion were reduced about 28-fold (Table 2 ) (56), and aldB mRNA was undetectable in an rpoS mutant (Fig. 4) . Synthesis of the related aldehyde dehydrogenases AcoD from A. eutrophus and AldA from V. cholerae has been reported to be dependent on RpoN and ToxR (a transcriptional activator), respectively (41, 42) . We did not observe any effect on aldB-731 LacZ levels by an rpoN mutation (57) .
As with other 38 -dependent promoters (49), a sequence resembling a Ϫ10-like region for the 70 promoters is present immediately upstream of the transcription initiation site of aldB, while a Ϫ35 region could not be identified. Sequences with similarity to the proposed consensus for 38 promoters (29) may also be identified in this region. Cumulative data have shown that the proposed consensus is not found in a number of the identified 38 -dependent genes. For example, fic does not display similarity to the consensus, but it still can be recognized specifically in vitro by the 38 form of RNA polymerase (E 38 ). On the other hand, the promoters from katE, bolA, and xthA, whose sequences were used to formulate the consensus (29) , have been reported to be either not recognized by E 38 (katE) or recognized by both E 38 and E 70 (bolA and xthA) (36, 49) . It is likely that for some 38 -dependent genes secondary regulatory mechanisms may be involved. Thus, it is not currently possible to determine from the DNA sequence or other data presented in this paper whether the 38 form of RNA polymerase is directly responsible for aldB transcription.
In addition to RpoS, the Crp transactivator is required for high levels of aldB expression in stationary phase. Levels of AldB, as estimated from LacZ fusion activities, are reduced about 20-fold in its absence (Table 2) . Crp binds to a site within the aldB promoter region that is centered at position Ϫ59.5, suggesting that it acts directly to enhance transcription by E 38 . To our knowledge, aldB is the first example for which the Crp binding site has been specifically localized on a 38 promoter. The location of the Crp binding site is 2 bp closer to or at an ϳ65Њ angular displacement from the preferred position (Ϫ61.5) of Crp binding to 70 promoters (11) . It is not known whether this shift reflects a difference in structure or orientation of the E 38 when bound to the promoter or that the site on aldB is not positioned optimally for maximal activation. The induction of aldB expression by ethanol is independent of Crp, since the relative increase in aldB-731 LacZ levels upon ethanol addition in a crp mutant background was similar to that in a wild-type background (57) .
Fis, a member of the family of nucleoid-associated proteins, negatively controls aldB transcription. The absence of Fis results in an approximately three-to fourfold increase in aldB mRNA levels. The expression of Fis is also growth phase dependent. In contrast to aldB mRNA levels, fis expression levels are very low in stationary phase but increase rapidly immediately upon subculture into rich media (5, 39, 40, 51) . While Fis levels are low in stationary phase, the levels appear to be sufficient to inhibit aldB transcription. However, Fis levels are clearly limiting in stationary phase, since constitutive expression from the lac promoter results in a greater than fourfold decrease in aldB-lacZ LacZ activity compared with that observed with wild-type fis (Fig. 5 [compare panels A and B] ).
Fis binds to multiple sites within the aldB promoter region, as was shown to be the case for the fis promoter (5). The strongest site, centered 29 bp upstream of the mRNA start site, would be expected to overlap the RNA polymerase binding site. This strongly suggests that Fis is acting directly as a repressor by competing with the binding of RNA polymerase. The four additional Fis binding sites centered at positions Ϫ50, Ϫ113, Ϫ137, and Ϫ158 may further inhibit transcription by cooperatively promoting binding at site I or by generating a higher-order repression complex. However, we have not observed that a significant effect on Fis repression of aldB is produced by removing sites III, IV, and V (RJ4029) (Fig. 5C ). Site II, the weakest site among the five, overlaps the more degenerate half of the Crp binding site and thus may inhibit VOL. 177, 1995 REGULATION OF aldB BY Fis, RpoS, AND Crp 3173
Crp-mediated transcriptional activation. However, footprinting experiments indicate that both Crp and Fis are able to bind simultaneously to the region (57) . It is, therefore, likely that the observed Fis repression of aldB is primarily attributable to binding at site I. Direct experimental evidence to support this conclusion involving mutagenesis of site I would be complicated by the fact that this site probably overlaps the undefined Ϫ35 region of the aldB promoter. The timing of aldB expression coincides with a rapid decrease of Fis (5, 39, 40, 51) and a rapid increase of RpoS (12, 49) , which fits well with the roles of Fis and RpoS in the expression of aldB. It should be stressed that while Fis may be augmenting the growth phase control of aldB, it is not the primary regulator, since a near normal temporal expression pattern is observed in a fis mutant. Most likely, the activation of RpoS is the most important mechanism responsible for stationary-phase activation of aldB. Fis may serve to repress any low level of E 70 -promoted transcription during exponential phase since, as mentioned above, the E 70 form of RNA polymerase can sometimes recognize apparent 38 -dependent promoters. The Crp protein also contributes prominently to the overall level of expression and is in part responsible for a strong negative control by glucose observed in rich media (57) .
The physiological role for such an aldehyde dehydrogenase in stationary phase is not known, but it may be significant that it is induced by ethanol. On the basis of the fact that a number of RpoS-dependent genes are involved in stationary-phase survival (for reviews, see references 17 and 26), AldB may have a role in detoxifying alcohols and aldehydes present during stationary phase. Under standard laboratory conditions, the aldB mutant displays no obvious growth defects in either rich or defined media, but we have not carefully examined the potential role of aldB in survival of E. coli under various stress conditions.
